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A decommissioned battery module with 15 in parallel and 4 series from an electric vehicle was aged at
2 C-rate in the SOC range of 30-80% in the laboratory until its state of health (SOH) value reached
about 60%. The module capacity was calibrated at 1/5 C-rate after every 100 or 200 cycles of aging. The
probability density function (PDF) method and incremental capacity analysis (ICA) were introduced to
establish an SOH model of battery modules against experimental charge and discharge voltage data in
the process of capacity calibration. As a new SOH evaluation algorithm, the discrete Fréchet distance
was also proposed for the battery module, and the concept of mean Fréchet distance (MFD) was given
as a quick evaluation index of the module’s SOH. The results showed that there was a fine negative
linear dependence of module SOH on MFD. The discrete Fréchet distance method has better accuracy
than ICA and PDF in terms of module SOH evaluation.

Keywords: retired battery modules; SOH evaluation; incremental capacity analysis; probability
density function; discrete Fréchet distance

1. INTRODUCTION

China's government has promised to achieve peak carbon emissions by 2030 and to accomplish
carbon neutralization by 2060 under the framework of the Paris Climate Accord. EV instead of fuel
vehicle is one of the most important ways to achieve carbon neutral target. The number of EVs in China
reached 4.92 million by the end of 2020 thanks to the strong support of the Chinese government's electric
vehicle policy and the rapid development of high-performance and low-cost lithium-ion battery
technology [1]. Repeated charging and discharging of EVs will lead to constant attenuation of battery
capacity [2]. It is generally believed that when the battery SOH value of an EV attenuates to below 80%
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it still needs to be retired from the EV due to the concerns of battery safety, mileage anxiety, and frequent
charging although it is not spoiled [3]. Despite EV battery retirement, it is still feasible for them to carry
out mild charging and discharging in a static indoor environment with suitable temperature [4].
Distributed industrial park or household energy storage is a suitable scene for the spent battery reuse
served as renewable energy storage [5], demand response services [6], backup power [7] and so on.
However, the inconsistency of retired batteries of EVs is very significant [8]. The premise of
decommissioned batteries as energy storage systems is that there should be good consistency among
them; otherwise, the capacity of the energy storage system composed of inconsistent batteries will be
greatly reduced due to the bucket effect. The residual capacity or SOH value is an important indicator
of the consistency of retired batteries [9,10]. It is technically mature that the residual capacity of
decommissioned batteries is detected by traditional capacity calibration methods [11-16], but they are
time consuming and energy consuming. After all, the advantage of retired batteries in energy storage
systems is their low cost compared with new batteries [17]. If traditional capacity calibration methods
are used for the consistent sorting of retired batteries, the energy storage system composed of them will
not be economical. Therefore, the establishment of a quick and accurate battery SOH evaluation method
is one of the key technologies to achieve low-cost echelon utilization of retired batteries.

There has been abundant research on quick evaluation methods of battery SOH in the literature
in recent years. The general idea is to set up a quantitative battery SOH model with battery performance
parameters that can be quickly detected by a certain algorithm, such as internal resistance, voltage, and
temperature, so as to accomplish rapid SOH evaluation. Dattu et al. [18] compared two different and
simplified prismatic 20 Ah LiFePO4 cell models at different current rates and cooling water
temperatures, namely the Lumped Li-ion model, suggesting that the Lumped model could replace the
Li-ion model at less than 2 C-rate for rudimentary examination of the design of battery thermal
management systems. Tran et al. [19,20] predicted the thermal and electrical behaviors of Li-ion cells
using four machine learning regression models—k-nearest neighbors, linear regression, random forest,
and decision tree—in which the decision-tree-based model was the best model. Duan et al. [21] believed
that the channel breadth of cooling plates has a large impact on the battery module temperature. A
temperature control strategy has been found to guarantee that the battery pack can work within the
optimal temperature region under different discharge depths. Gargh et al. [22] found that a lithium-ion
battery was susceptible to lithium plating at a fast-charging rate of more than 3 C-rate, and there was a
linear capacity loss relationship with an impedance change in the plated batteries. Wang et al. [23] put
forward a charge-transfer resistance model based on temperature and SOC to evaluate battery SOH,;
although, the error was large in the case of high SOC and temperature. Our research group found that
concentration polarization impedance had a large influence on the available capacity of retired batteries,
and the lithium-ion diffusion coefficient converted from concentration polarization impedance was used
as a quick assessment index of battery SOH [8]. As it should be, on the basis of the change in internal
resistance, the battery SOH model is an off-line rapid evaluation model because the on-line examination
function of battery internal resistance is not available in most commercial battery management systems.
Therefore, many researchers regard the SOC or the capacity, voltage, and temperature detected online
by battery management systems as the basic parameters of battery SOH evaluation and achieve online
evaluation of SOH values through modeling. There are many publications showing that the peak
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parameters on incremental capacity curves strongly correlate with battery SOH [24-26]. Considering
that the actual operation of the battery system is not complete charge and discharge, Tang et al. [27]
collected charging curve data in the middle SOC range and proposed a concept of regional capacity,
linearly positively correlated with SOH. The change in open-circuit voltage and working voltage can
also reflect the SOH of the battery. Baghdadi et al. [28] discovered that battery SOH was linearly
dependent on the open-circuit potential (OCP) of the fully charged battery after a break of 30 min. Our
research group found that the battery module SOH had a negative linear correlation with the OCP range
(AOCP) among cells in the module under a certain low SOC value [5]. The shortcoming of quick
assessment methods based on OCP is that OCP stability takes a long time, and the same SOC value is
needful for the OCP comparison of batteries. Feng et al. [29] employed the probability density function
(PDF) method to process the working voltage data in the charge/discharge processes and proposed the
integrated frequency of the voltage within a specific integration threshold as the characteristic index of
SOH. The advantage of PDF is that it avoids the artificial setting of differential voltage (AV) in
incremental capacity analysis (ICA). Besides the research of extracting an eigenvalue from single factor
as SOH evaluation index, there are many articles to establish SOH evaluation models including two or
more factors, such as capacity, voltage, temperature, and internal resistance [30-32]. If more SOH-
influencing factors are involved, without doubt, the corresponding algorithm and model will be more
complex.

In addition, a module is composed of cells by welding, while a system is composed of modules
by riveting. Module disassembly from a pack is easy and the cells are not easily damaged, while cell
disassembly from a module is more difficult and the cells are apt to be spoiled. The quick evaluation,
sorting, and grouping of batteries from the perspective of modules are more conducive to the low-cost
utilization of retired batteries.

From a review of the literature, it is clear that there are still few reports on accurate and rapid
SOH evaluation methods of battery modules [5,26,33]. Accordingly, the novelty of our work is that a
quick evaluation model for battery module SOH is proposed using the discrete Fréchet distance method,
which is more accurate than that obtained from ICA and PDF methods. Besides the introduction, the
remainder of the paper is arranged as follows: section 2 describes the battery module, experimental
instrument, and specific analysis methods. The results and discussion are given in section 3, while the
conclusions are presented in section 4.

2. EXPERIMENTAL

2.1 Battery module

An LiFePO4 battery module (15 in parallel and 4 series, 15P4S for short) with a rated capacity
of 40 Ah was decommissioned from a Chery S18B EV and used in the test (Fig. 1). The module
composed of four 15P1S bricks in series was manufactured by Tianjin Bic Battery Co., Ltd., China. The
positive material of the battery cell was lithium iron phosphate, while its negative material was graphite.
The current collectors of the negative and positive electrodes were copper foil and aluminum foil,
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respectively. The electrolyte salt of the battery was 1 mol/L™ LiPFs, and the electrolyte solvent was
composed of diethyl carbonate, vinyl carbonate, and methyl ethyl carbonate in a ratio of 1:1:1. The
nominal capacity and voltage of one battery in the module was 2.69 Ah and 3.2 V, respectively. Since it
had served in the EV for more than three years, the module capacity was calibrated before the aging test.
Section 2.3.2 provides details on the capacity calibration process, and the initial capacity of the retired
module was 37.88 Ah, i.e., 94.7% SOH [2].
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Figure 1. Series parallel structure diagram of the 15P4S module.

2.2 Experimental instrument
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Figure 2. Picture of the experimental setup.

Fig. 2 shows the actual picture of the experimental setup. The battery test platform consisted of
a battery tester (Bitrode FTV 1-300-100, USA), data converter machine (Netgear JFS524, USA), data
line (Blekin Co., Ltd., China), battery management system (BMS) (Shanghai Qiansai electronics Co.,
Ltd., China), and central control computer (Lenovo Yangtian T4900V-00, China). The battery tester was
responsible for the module charge/discharge, while the BMS surveyed battery parameters such as current
with 1 mA accuracy, voltage with 1 mV accuracy, temperature, and so on. A J-type thermocouple
(accuracy of 0.5°C) was used for the battery surface temperature test. The computer was in charge of the
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programming and operation of charge—discharge protocols and the recording and storage of test data,
while the data converter machine and the data line administered data transfer.

2.3 Test methods

2.3.1 Capacity calibration

The module was discharged at an invariable 1/5 C-rate (8A) until a module potential of 10.8 V
or a cell potential of 2.5 V was attained. After standing for 30 min, it was charged at 1/5 C-rate until a
module potential of 14.6 V (3.65 V x 4) or a cell potential of 3.75 V was achieved, and then it was
transferred to an invariable potential phase until the current was less than 1/30 C (1.3 A). At last, it was
discharged at 1/5 C-rate until a module potential of 10.8 V or a cell potential of 2.5 V was reached after
a break of 30 min [16]. This is the calibrated discharge capacity, Cqis. All battery aging tests and capacity
calibration tests were conducted at ambient temperature (25£1°C).

2.3.2 Module aging

The aging protocol of the module was set to invariable 2 C-rate (80 A) charge—discharge in the
range of 30-80% SOC in order to simulate the energy storage application scenarios of high rate and
shallow charge—discharge. First, the module was discharged at an invariable 1/5 C-rate (8 A) until the
module potential reached 10.8 V (2.7 V x 4) or the cell voltage reached 2.5 V. Next, it was charged to
80% SOC with 2 C-rate until the step time T1 was achieved. Then, it was discharged to 30% SOC with
2 C-rate until the step time T» ended. Finally, the module stopped after the charging time was Tz. The
module should stand for 30 min every charging and discharging interval. It went back and forth in the
range of 30-80% SOC. The step times of T,=C, x0.8/80 (h), T,=C, x0.5/80 (h), and
T, =C,, x0.5/80 (h) were calculated, where Cais is the discharge capacity calibrated.

The module was aged at 2 C-rate in the SOC range of 30-80% until its SOH was about 60%. The
module capacity was calibrated every 100 cycles in the first 600 cycles and every 200 cycles afterwards.
The calibration was more frequent at the early aging stage than at the later stage because the decay rate
of the module was not known at the early stage of aging.

2.4 Analysis methods

2.4.1 ICA method

The ICA method transforms the voltage platform of a battery on the general charge—discharge
potential curve into AQ / AV peaks, which could be obviously identified on the ICA curve [25]. The
ICA curve describes the dependence of the AQ / AV value in a fixed voltage range on the battery charge
or discharge voltage. Because the ICA curve is more sensitive than the general charge—discharge curve,
some important characteristic electrochemical information of the battery can be obtained by identifying



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220318 6

the progress of these AQ / AV peaks with the changes in the environment, working conditions, and
different health states. After that, the dependence of the internal and external electrochemical parameters
of the battery can be established. In the article, the charge—discharge curve was converted into an ICA
curve by differential processing and locally weighted scatterplot smoothing using Origin software. The
voltage range took the fixed value of AV=2 mV, and the points of windows were set to 80.

2.4.2 PDF method

The PDF is a function describing the possibility of the output value of continuous random
variable near a certain value point. The loss of electrode active materials and recyclable lithium is
considered to be the main factor of battery aging. The charge—discharge plateau becomes shorter with
the increase in the degree of aging. The PDF method is used to count the frequency of voltage values on
the platform of the charge—discharge curve. The frequency of some characteristic voltage values (i.e.,
probability density) can reflect the degree of battery aging. In this paper, PDF processing of charge—
discharge voltage data was accomplished using the ksdensity function in MATLAB software [29].

2.4.3 Discrete Fréchet distance

The Fréchet distance is usually used to estimate the similarity of two continuous curves,
Aand B:[O,l] — R?, on Fréchet space, where R? is the metric space [34,35]. Eiter et al. [36] defined the

discrete Fréchet distance based on the continuous Fréchet distance in order to better solve practical
problems. In this paper, the discrete Fréchet distance method was used to judge the similarity of charging
and discharging curves of series cells in a battery module. On this basis, the mean Fréchet distance
(MFD) is proposed as the characteristic index of the quick evaluation of battery module SOH. The
calculation process of the MFD value is as follows.

The voltage-time series set comes from the BMS. Curve A:[0, m]— R? denotes the mean voltage
curve of charge or discharge among cells in a module at a certain current rate in the last m minutes. Set
o(A) = (a1, a2, ... , am) represents the voltage data set of the same time series in Curve A, in which m is
the sampling period and the sampling time point is fixed to the m-th, (m-1)-th, (m-2)-th, ..., 3rd, 2nd, 1st
minute. In the same way, Curve B:[0, m]— R? denotes the charge or discharge voltage curve of a certain
cell in the module at the same current rate in the last m minutes. Set o(B) = (by, b, ... , bm) indicates the
voltage data set of the same time series in Curve B. In addition, d(ai, bj) = ai— bj signifies the connection
distance between element aj in Set 6(A) and element bj in Set o(B), while dagr (1, j ) symbolizes the
discrete Fréchet distance when two particles move to the i position of Curve A and the j position of Curve
B, respectively.

The element connection matrix, Daxn, Of Curves A and B is calculated from Sets o(A) and o(B)
by Egs. (1)—(4), as follows:
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D
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Starting from i=2 and j=2, search forward according to Eq. (5) until i=m and j=m. Then, the
discrete Fréchet distance between Curves A and B equals dgr (M, m), i.e., dar (A, B)=0¢r (M, M), .
{adp(i,j) = max{a‘,d(ai,bj)} )
0' =min{dp(i — 1,)),04p(i — 1,j — 1),04¢(i,j — D}

The ddr (A, B) value indicates the degree of "shape similarity" of a curve. The smaller the dur (A,
B) value, the more similar the curve is. The battery in this test was a 15P4S module. The BMS can collect
four sets of cell voltages during the charging and discharging process of the module. If the discrete
Fréchet distances between the voltage curves (B1, B2, Bs, and Bs) of four cells and the mean voltage curve
(A) of the module are respectively defined as &r (A, B1), dar (A, B2), dar (A, Bz), and dar (A, Bs), then
the mean Fréchet distance (MFD) of the module is calculated according to Eq. (6). The smaller the MFD
value, the larger the module SOH.

MFD :%ia(A, B) (6)

3. RESULTS AND DISCUSSION

3.1 Cycling degradation of a 15P4S module

The 15P4S module completed 3800 cycles of charging and discharging after its SOH decreased
from 94.7% to 61% at 2 C-rate in the range of 30-80% SOC at 25+1°C ambient temperature.
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Figure 3. The SOH dependence of the 15P4S module on the cycle number at 2 C-rate charge—discharge
in the range of 30-80% SOC at 25+1°C ambient temperature.
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Figure 4. Charge—discharge curves of the 15P4S module during the capacity calibration process at 1/5
C-rate after different aging cycles.

A total charge of 827.1 kWh, a discharge of 702.9 kWh, and an energy conversion efficiency of
84.99% were achieved during the whole aging process. Fig. 3 illustrates the SOH dependence of the
15P4S module on cycle number (CN), suggesting that the aging of the module shows a trend from fast
to slow in this aging mode. Piecewise linear relationships between SOH and CN in different CN ranges
are expressed by Eq. (7), whose R-squared is more than 0.986, showing high goodness of fit.

{SOH —-0.0127x CN +92.60, R? = 0.9867,CN <[0,1400] -

SOH =-0.0056xCN +82.04,R* =0.9994,CN e [1500,3800]
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Fig. 4 illustrates the charge—discharge curves of the 15P4S module during the capacity calibration
process at 1/5 C-rate after different aging cycles. It can be seen from Fig. 4 that the module charge—
discharge platforms become shorter with the increase in aging cycle, showing that the module SOH gets
smaller. The voltage plateau of the charge curve increases with the increase in aging cycle, while that of
the discharge curve decreases, indicating that aging leads to an increase in battery internal resistance.

3.2 Incremental capacity analysis

Fig. 5 shows the incremental capacity curves (a) of the 15P4S module during the capacity
calibration process at 1/5 C-rate after different aging cycles and its Hica.c — SOH (b) and Hica-o — SOH
(c) models. As shown in Fig. 5(a), there are three peaks of C1, Co, and Cz in the incremental capacity
curve of charge at 13.08 V, 13.41 V, and 13.57 V, respectively, at the 100th cycle, while three peaks of
D1, D2, and D3 also appear in the incremental capacity curve of discharge at 12.54 V, 12.93 V, and 13.09
V, respectively. For the LiFePO4 cathode, the conversion between FePO4 and LiFePO4 occurs during
the process of charging and discharging, which can be divided into two stages. One is the non-
stoichiometric solid solution phase in the single-phase region at the beginning and end of charge—
discharge, while the other is the middle pseudo-binary phase transition between LixFePOs and Lis-
yFePO4 [37,38], which contributes most of the capacity change in the battery voltage platform. For the
graphite anode, at least five different stages of electrochemical reaction are accomplished for lithium ion
intercalating into graphite to convert Ce into LiCe during the charging process. The phenomenon is
opposite in the process of discharge. If the charge—discharge current is very small and no more than 1/20
C, at least five different capacity increment peaks should appear in the incremental capacity curve,
corresponding to the transformation of different lithium carbides in five reaction stages [38]. Since the
current rate is 1/5 C-rate, there are only three peaks in the incremental capacity curves in Fig. 3, whether
in the charging or discharging process, corresponding to the transformation between Cs, the lithium
carbide intermediate state (LiCx, Xx=72, 36, 18, 12, etc.), and LiCs [39]. The heights of six peaks in Fig.
5 have a tendency to decrease with the aging evolution, and even the peaks of Cs3 and D3 gradually
disappear. In particular, the peaks of C> and D> decreased most obviously. Therefore, the peak height of
Cz and D is taken as the characteristic index of SOH evaluation, and the quantitative model between
them is established. Figs. 5(b) and (c) display the SOH dependence of the 15P4S module on the peak
heights of C; and Do, respectively, in which the Hica-c and Hica-p values refer to the peak heights of C
and Dy, respectively. The results show that there is a good linear positive correlation between module
SOH and Hica-c or Hica-p in charging or discharging processes, with an R-squared of more than 0.91.
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Figure 5. Incremental capacity curves (a) of the 15P4S module during the capacity calibration process
at 1/5 C-rate after different aging cycles and its Hica.c — SOH (b) and Hica.o — SOH (c) models.

3.3 Analysis of probability density function

The equivalence between incremental capacity analysis and probability density function has been
discussed in detail in the literature [29]. Therefore, the meanings of the peaks in the probability density
function curve are the same as those in the incremental capacity curve, which will not be discussed here.
Fig. 6 illustrates the probability density curves (a) of the 15P4S module converted from all the voltage
data in Fig. 4 and its Hppr-c — SOH (b) and Hepr-o — SOH (c) models, in which the Hepr-c and Hepr.p
values signify the maximum peak heights of probability density curves in the process of charging and
discharging, respectively. Figs. 6(b) and (c) show that there is a good linear relationship between the
peak height and SOH in the charging process, while the linear relationship is not good in the discharging
process. Moreover, the goodness of fit of the two SOH models is not as good as that from the incremental
capacity curves. Because PDF describes the possibility of the output value of continuous random variable
near a certain value point, the probability density of a certain value should be compared in the same data
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interval. For example, the probability density of 5 apples in 100 fruits is obviously different from that of
5 apples in 150 fruits. The end-of-charge voltage in the charging process of the module is often different
with the increase in cycle number due to the inconsistency among the cells in the retired battery module,
as shown in Fig. 4. The same is true in the discharge process. Therefore, the voltage data in the same
voltage range is extracted and transformed into probability density. Fig. 7 shows the probability density
curves (a) of the 15P4S module converted from the voltage data in the range of 11.8-14.0 V in Fig. 4
and its H' ppr.c — SOH (b) and H' ppr-p — SOH (c) models. It can be seen from Figs. 7(b) and (c) that
the linear relationships between the peak height and SOH are significantly improved whether it is
charging or discharging. Consequently, the premise of establishing a quick SOH evaluation model for
retired battery modules by the PDF method is not only the same charge—discharge current rate [29] but
also the same voltage range.
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Figure 6. Probability density curves (a) of the 15P4S module converted from all the voltage data in Fig.
4 and its Hppr.c — SOH (b) and Hppr-p — SOH (c) models.
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Figure 7. Probability density curves (a) of the 15P4S module converted from the voltage data in the
range of 11.8-14.0 V in Fig. 4 and its H' por.c — SOH (b) and H' ppr.0 — SOH (c) models.

3.4 Analysis of discrete Fréchet distance

Fig. 8 presents a three-dimensional diagram of charging time, MFD, and SOH, in which the
charging time is counted down from the end of charging. In Fig. 8, the 0 min starting point of each curve
at the left of the abscissa actually represents the time that the battery is full, while the end time of this
curve at the right of the abscissa represents the time that the battery just starts charging. The smaller the
module SOH, the shorter the charging time. In order to display the MFD values of the fully charged
modules with different SOH values on the side planes of the three-dimensional graph, the charging time
of abscissa is expressed in the form of count backwards from the charging end. It can be seen from Fig.
8 that there is a large difference among the cells in the module at the beginning and end of charging for
a module with a specific SOH value, which leads to a large MFD value of the module. The MFD value
of the module increases with the decrease in SOH value at the end of charging for battery modules with
different SOH values.
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Figure 8. Three-dimensional diagram of charging time, MFD, and SOH, in which the charging time is
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Figure 9. The SOH dependence of the module on MFD at different charging moments from the Oth to
the 10th minute, counted down from the end of charging.

Table 1. MFD-SOH models at the charge terminals.

time (minute) MFD-SOH model R?
Oth SOH =106.4-374.5 MFD 0.9939
1st SOH =103.2 -394.6 MFD 0.9772
2nd SOH =100.2 -411.7 MFD 0.9868
3rd SOH =98.82 —451.8 MFD 0.9873
4th SOH =96.64 —482.6 MFD 0.9792
5th SOH =94.83 -516.8 MFD 0.9667
6th SOH =93.42 - 555.5 MFD 0.9550
7th SOH =92.34 -604.3 MFD 0.9436
8th SOH =91.23 -643.7 MFD 0.936
9th SOH =89.97 - 680.2 MFD 0.9447
10th SOH =89.12 - 788.5 MFD 0.9171




Int. J. Electrochem. Sci., 17 (2022) Article Number: 220318 14

Fig. 9 displays the SOH dependence of the module on MFD at different charging moments from
the Oth to the 10th minute, counted down from the end of charging, suggesting that there is a good linear
negative correlation between MFD and the module SOH. Table 1 lists the MFD-SOH models at the
charge terminal, demonstrating that the R-squared of the MFD-SOH model at the end of full charge (the
Oth minute) is the largest, reaching 0.9939. The R-squared of MFD-SOH models decreased in general
with time from the Oth to the 10th minute, counted down from the end of charging. The decrease in the
R-squared with the countdown time means that the accuracy of SOH estimation becomes worse.
However, the R-squared of the model at the 10th minute is still as high as 0.9171.

3.5 Comparison of three quick evaluation methods for module SOH

Fig. 10 shows the distribution of measured and evaluated SOH values by different models, in
which the SOHwmrp and Errmvep values are counted in light of the MFD-SOH model at the Oth minute.
Table 2 lists the SOH values and relative errors obtained by different evaluation models, in which relative
errors are calculated by Eq. (8). Comparing the maximum relative errors of SOH values evaluated by
these five models, it was found that the MFD model was the smallest and the PDF-D model was the
largest. The MFD model showed the best evaluation accuracy in these five models, and its maximum
relative error was less than 2.5%. The absolute values of the relative errors of different SOH evaluation
methods have been compared through literature searches. Table 3 shows the comparison of the absolute
values of the relative errors of different methods in the literature. In the references mentioned above,
SOH evaluation of different types of batteries by different methods at diverse charge—discharge rates
has been reported. It can be seen from Table 3 that the absolute value of relative errors from the MFD
method is the lowest.

OH SOH

Err (%) — S Evaluated Measured ><100 (8)
SOH Measured
95
. = Measured
90 + e MFD
¥ 4 |CA-C
8 I v ICA-D
~ 80Ff PDF-C
S PDF-D
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Figure 10. Distribution of measured and evaluated SOH values by different models.
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Table 2. SOH values and relative errors obtained by different evaluation models.

Cycle number 100th 600th 1200th 1800th 2400th 3000th 3600th
Measured SOH (%) 91.63 83.38 77.30 72.01 68.55 65.00 62.38
SOHwrp (%) / Errmep (%) 91.89/0.28 83.74/0.44  75.90/-1.81 70.79/-1.68  69.28/1.07 66.57/2.42 61.91/0.75
SOHica-c (%) / Errica-c (%) 86.74/-5.34 83.51/0.16 82.05/6.14 74.22/3.08  68.09/-0.67 64.29/-1.09  61.38/1.60
SOHica-p (%) / Errica-o (%) 87.30/-4.73 84.10/0.86 80.11/3.64 72.97/1.35 70.36/2.64 66.56/2.40  58.91/-5.56
SOHeor-c (%) / Errepe-c (%) 88.29/-3.65 82.60/-0.94  80.18/3.73 75.22/4.47  68.30/-0.36  66.18/1.82  59.57/-4.50
SOHror-p (%) / Erreorp (%)  86.30/-5.82 81.35/-2.43  79.54/2.90 77.98/8.31 71.83/4.78  63.00/-3.08  60.25/-3.41

Table 3. Comparison of the absolute value of the relative errors of different methods in the literature.

Absolute value of relative

Method Battery type Current rate Reference
error

MFD LiFePO, batteries 1/5C Less than 2.5% This work
Electrochemical impedance spectroscopy LiFePQ, batteries 2-20C Less than 4.2% [40]
Neural network algorithm LiNiCoMnO;, batteries 1/3C Less than 4% [41]
Dynamic impedance technique LiNiCoAIlO; batteries Unspecified Less than 5% [42]
Dynamic Bayesian networks LiMn2O4 batteries 1C Less than 5% [43]
Wavelet analysis LiNiCoMnO: batteries 1/2C Less than 5% [44]

The advantage of ICA and PDF methods is that they only need module voltages rather than cell
voltages. However, the differential voltage in the ICA method is artificially selected, and the incremental
capacity curve needs to be smoothed. Module SOH evaluation by PDF needs to be based on the same
current rate and voltage range in which the selection of voltage range is artificial. These treatments may
be the causes of evaluation error. Besides, the LFP module consists of four 15P1S bricks in series, and
the total voltage of the LFP module is equal to the sum of four bricks. The maximum peak height as a
health factor in the ICA or PDF method is extracted from the total charging or discharging voltage of
the whole module, not from the charging or discharging voltage of the “short-board” brick. In order to
explore the influence of inconsistency among four batteries within the module on the SOH of the module,
the discrete Fréchet distance method is used to judge the similarity of charging and discharging curves
of series bricks in a battery module in the paper. On this basis, the MFD is proposed as the characteristic
index of quick evaluation of battery module SOH. After considering the influence of the inconsistency
on the SOH estimation, the discrete Fréchet distance method has better accuracy in SOH modeling than
ICA or the PDF method. Therefore, the inconsistency among bricks in the module is also an important
factor affecting the accuracy of module SOH model.

In the MFD model, the voltage data of all cells in a module at a certain moment in the fully
charged terminal only needs to be collected, and the MFD value of the module at this moment can be
counted by the discrete Fréchet distance method. The advantage of the MFD model is that it only needs
less voltage data and there is no anthropic factor in the process of data processing, while its disadvantage
is that it is necessary to collect the voltage of all cells in a module and the linear relationship between
MFD and SOH is poor at the end of discharge. This is the reason why the SOHwmrp model at the discharge
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end is not discussed in this paper. Despite this, the merit of the SOHmep model, outweighing its flaws,
is that it has the highest evaluation accuracy in all the five models. EVs at home are often charged at a
low current rate for a long time at night until they are full. This may be one of the best scenarios for the
application of the SOHmep model.

4. CONCLUSIONS

ICA, PDF, and discrete Fréchet distance were explored to build battery module SOH models in
light of charge—discharge curves of capacity calibration of a 15P4S module in an aging process. The
conclusions are drawn as follows:

(1) Module SOH evaluation models by the PDF method have an obvious improvement
on the basis of the same current rate and voltage range. However, the R-squared of the SOH evaluation
model in the charging process is greater than that in the discharging process.

(2) A new SOH evaluation algorithm based on discrete Fréchet distance was proposed for the
battery module, and the concept of MFD is regarded as a quick evaluation index of module SOH. There
is a good linear negative correlation between MFD and module SOH. The R-squared of the MFD-SOH
model at the end of full charge (the Oth minute) was 0.9939.

(3) A quick evaluation model for battery module SOH was proposed using the discrete Fréchet
distance method, which is more accurate than those obtained from ICA and PDF methods. The reason
is that the former considers the influence of the inconsistency between batteries in the module on the
module SOH models. This method can be used for on-line SOH evaluation of EV battery modules
because EVs at home are often charged at a low current rate for a long time at night until they are full.
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